Objective-Studies of Tie1 gene-targeted embryos have demonstrated loss of blood vessel integrity, but the relevance of Tie1 in lymphatic vasculature development is unknown. We tested the hypothesis that the swelling observed in Tie1 mutant embryos is associated with lymphatic vascular defects. Methods and Results-We could extend the survival of the Tie1-deficient embryos in the ICR background, which allowed us to study their lymphatic vessel development. At embryonic day (E) 14.5, the Tie1 Ϫ/Ϫ embryos had edema and hemorrhages and began to die. Immunohistochemical analysis revealed that they have abnormal lymph sacs. Tie1 Ϫ/Ϫ mutants were swollen already at E12.5 without signs of hemorrhage. Their lymph sacs were abnormally patterned, suggesting that lymphatic malformations precede the blood vascular defects. We generated mice with a conditional Cre/loxP Tie1 neo locus and found that the homozygous Tie1 neo/neo hypomorphic embryos survived until E15.5 with lymphatic malformations resembling those seen in the Tie1 Ϫ/Ϫ mutants. Conclusion-Our data show that loss of Tie1 results in lymphatic vascular abnormalities that precede the blood vessel phenotype. These findings indicate that Tie1 is involved in lymphangiogenesis and suggest differential requirements for Tie1 signaling in the two vascular compartments. (Arterioscler Thromb Vasc Biol. 2010;30:207-209.)
D uring vertebrate embryonic development, blood vessels form by vasculogenesis and angiogenesis. These processes are regulated by vascular endothelial growth factors (VEGFs), angiopoietins (Ang), and other guidance cues. [1] [2] [3] In lymphangiogenesis, 4 a specialized subset of endothelial cells in the anterior cardinal vein migrate toward mesenchymal VEGF-C to form the primary lymph sacs by embryonic day (E) 12.0 5 and continue further to form the lymphatic capillaries. 4, 5 Insufficient lymphangiogenesis results in lymphedema, swelling of the limbs. Understanding the molecular basis of lymphatic dysfunction should enable the development of better therapies.
Targeted disruption of the Tie1 gene 6 results in embryonic lethality by E13.5 due to severe edema, hemorrhage, and defective microvessel integrity. 7, 8 The importance of Tie1 in lymphatic vessels is unknown. Furthermore, no ligand has been found for Tie1. 1 Here we report that Tie1 is involved in embryonic lymphatic vessel formation.
Materials and Methods

Mice
The mice used in this study are described in the supplemental materials (see http://atvb.ahajournals.org).
Whole-Mount Staining and Blood Vessel Quantification
Analysis of the blood vasculature is described in the supplemental materials.
X-Gal Staining and Immunohistochemistry
␤-galactosidase activity in the vasculature of the Tie1 lacZ/ϩ mice, immunohistochemistry, and microscopy techniques are described in the supplemental materials.
Analysis of Statistical Significance
Data sets were analyzed for significance using Student's t test. PϽ0.05 was considered statistically significant.
Results
We found that homozygous Tie1 targeted (Tie1 Ϫ/Ϫ ) embryos in a pure ICR genetic background survive longer (E14.5) than in the reported mixed 129Sv/CD-1 background (E 13.5). 8 At E13.5, Tie1 Ϫ/Ϫ embryos in an ICR background were swollen and hemorrhagic when compared with Tie1 ϩ/Ϫ or Tie1 ϩ/ϩ littermates ( Figure 1A and data not shown). At E12.5, the Tie1 Ϫ/Ϫ embryos showed swelling in the dorsal and neck regions ( Figure 1A , white arrows) without signs of hemorrhage, whereas at E11.5, no aberrant phenotype was noted ( Figure 1A ).
In the absence of an obvious blood vessel phenotype at E12. 5 Importantly, this lymphatic phenotype was first evident in E12.5 Tie1 Ϫ/Ϫ embryos when no bleeding was yet observed ( Figure 1B) .
We generated mice with a conditional Tie1 targeting locus (Cre/loxP Tie1 neo ; Supplemental text 4 and Figure 2A) . In contrast to the Tie1 neo/ϩ mice that were viable and fertile, the Tie1 neo/neo embryos at E15.5 displayed prominent edema but no hemorrhages ( Figure 2B and Supplemental text 5 and Supplemental Figure V ). However, the lymph sacs were abnormally patterned, like in the Tie1 Ϫ/Ϫ mutants ( Figure 2C VI). Importantly, Flp-mediated excision of Neo abolished the hypomorphic phenotype seen in the Tie1 neo/neo embryos (Supplemental Figure VII ).
Discussion
Our results show that Tie1 gene targeting leads to lymphatic vascular malformations and edema in the embryos at a stage when no hemorrhages are observed.
All four known angiopoietin ligands bind to Tie2, the other member of the Tie receptor family. 9 Genetic deletion of Tie2 or Ang1 and endothelial overexpression of Ang2 results in similar embryonic lethal phenotypes with severe defects in the remodeling of the primary blood vascular plexus. 1 Ang1 is a Tie2 agonist that is crucial for blood vessel stabilization, whereas Ang2 is a context-dependent antagonist. 1 Ang1 can induce Tie1 phosphorylation in endothelial cells and recruit both Tie1 and Tie2 to cell-cell contacts, whereas Ang2 seems to antagonize Ang1-induced Tie1 phosphorylation. 10 Ang2deficient mice show blood vascular and lymphatic patterning defects, whereas the insertion of Ang1 in the Ang2 locus restores the lymphatic but not the blood vascular defects 11 (Supplemental text 6). Ang1 can also induce lymphangiogenesis in mice. 12 These data suggest that both Ang1 and Ang2 act as Tie2 agonists in the lymphatic vessels.
Our findings indicate that the Tie1 receptor is dispensable for lymphatic endothelial cell commitment but is required for normal embryonic lymphangiogenesis. This, together with the differential actions of angiopoietins on lymphatic and blood vasculature, suggests that the Tie1 levels fine-tune the effects of the angiopoietins and that the early development of the lymphatic vasculature is affected even before obvious changes in the blood vasculature on the loss of Tie1 signals.
